Macrophage colony-stimulating factor (CSF-1) stimulates the production of macrophages from bone marrow progenitor cells. We have identified a cDNA clone for murine CSF-1 by antibody screening of a mouse L-cell cDNA library in the expression vector Xgtll. A screen of about 150,000 recombinant plaques yielded 6 clones that reacted well with an antibody raised against denatured and reduced mouse L-cell CSF-1. These clones were further screened with synthetic oligonucleotides based on the amino-terminal amino acid sequence of CSF-1. One clone, which hybridized to the oligonucleotides, was sequenced and found to contain a single open reading frame. This encompassed 68 amino acids of the mature protein, including the entire amino-terminal sequence we previously reported. This is preceded by what appears to be a 31 amino acid signal peptide. Blot analysis showed that this cDNA hybridizes to a major mRNA species of about 4.5 kilobases (kb) as well as several smaller, less abundant mRNA species (3.8, 2.3, and 1.4 kb) present in mouse L cells. A similar pattern of hybridization was observed with mRNA from a human pancreatic carcinoma cell line that produces CSF-1. Striking differences in the qualitative and quantitative expression of mRNA species for CSF-1 were observed in various mouse tissues. Liver expressed primarily a 1.4-kb species, heart and lung expressed primarily a 4.5-kb species, brain expressed high levels of both the 4.5-kb and 1.4-kb species, and intestine lacked detectable CSF-1 transcripts. Southern blot analysis suggests that the CSF-1 gene is present as a single copy in the mouse haploid genome and that it is not rearranged or amplified in L cells.
Colony-stimulating factors (CSFs) are a family of glycoproteins that regulate the growth and differentiation of committed hematopoietic progenitor cells and affect the function of mature cells (1, 2) . CSFs are identified in vitro by their ability to stimulate the formation of colonies of differentiated cells in semisolid agar cultures of bone marrow progenitor cells (3) . The functional and structural properties of the CSFs have been best characterized in the mouse, where four distinct CSFs have been clearly identified. M-CSF (CSF-1) stimulates primarily the growth of the monocyte-macrophage lineage (4), G-CSF stimulates the production of neutrophilic granulocytes (5) , GM-CSF (CSF-2) stimulates the production of both granulocytes and macrophages (6) , and multi-CSF (interleukin 3, IL-3) affects the growth of all myeloid precursors, inducing mixed colonies in vitro (7) . cDNA sequences encoding murine or human GM-CSF, multi-CSF, and G-CSF have been isolated, and the recombinant factors have been expressed in eukaryotic cells (8) (9) (10) (11) .
The murine CSF-1 has been purified from L-cell conditioned medium. The purified factor is a heterogeneous glycoprotein (Mr -70,000) consisting of two identical subunits linked by disulfide bonds (2, 4) . Mild reduction of the factor results in subunit dissociation and the loss of all biological activity. Following the removal of carbohydrate, the polypeptide subunit of CSF-1 was estimated to have a molecular weight of about 15,000 (4) . Recently, we reported the amino-terminal amino acid sequence of mature mouse L-cell CSF-1 (12, 13) .
We now report the molecular cloning and expression of murine CSF-1 cDNA sequences in the expression vector Xgtll. The clone has been used to examine the expression of CSF-1 mRNA and should prove useful for structural and functional studies of the factor.
MATERIALS AND METHODS
Construction of L-Cell cDNA Library in Xgtll. Poly(A)+ RNA was used as template for the synthesis of singlestranded DNA with an oligo(dT) primer and avian myeloblastosis virus reverse transcriptase. Double-stranded cDNA was prepared essentially according to the method of Gubler and Hoffman (14) , in which second-strand synthesis is mediated by RNase H, DNA polymerase I, and bacteriophage T4 DNA ligase. The double-stranded cDNA was methylated at internal EcoRI restriction sites, blunt-ended with T4 DNA polymerase, and ligated to EcoRI linkers according to Young and Davis (15) . Excess linkers were removed from cDNA by EcoRI digestion followed by Sephadex G-75 gel filtration and two rounds of ethanol precipitation in 2.0 M ammonium acetate. To decrease the background of phage lacking inserts, the EcoRI-cut Xgtll DNA was treated with calf intestinal alkaline phosphatase prior to ligation to cDNA. The ligated DNA was packaged using an extract purchased from Amersham and amplified on Escherichia coli Y1088 (15) .
Antibody Screening. Antibodies specific for L-cell CSF-1 were raised in rabbits as described (12) . Antibody screening of the L-cell cDNA library was performed according to the method of Young and Davis (15) . In brief, the phage library was plated on E. coli Y1090 at a density of 2 x 104 phage per 150-mm plate and isopropyl f3-D-thiogalactopyranoside-induced plaques were transferred to nitrocellulose filters. Filters were then incubated with a 1:1000 dilution of antibody for 20 hr and then '25I-labeled protein A to visualize the bound antibody. Positive plaques were selected after two or more rounds of plaque purification.
Abbreviation: CSF, colony-stimulating factor.
§To whom requests for reprints should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Biochemistry: Rajavashisth et al.
Oligonucleotide Hybridization. Recombinant Xgtll DNAs digested with EcoRI were electrophoresed in a 1.2% agarose gel and blotted to nitrocellulose filters as described (16) . Filters were then prehybridized at 65°C for 4 hr in 900 mM NaCl/90 mM Tris-HCl, pH 7.5/6 mM EDTA/0.2% Ficoll/0.2% polyvinylpyrrolidone/0.2% bovine serum albumin/0.1% NaDodSO4 containing yeast tRNA at 100 ,g/ml. Hybridization was carried out in the above mixture with kinase-treated (32P-labeled) oligomer probe according to the method of Suggs et al. (17) .
RNA and DNA Blot Analysis. RNA was prepared from cell lines or tissues by homogenization in guanidinium isothiocyanate followed by centrifugation over a cesium chloride cushion (18) . Poly(A)+ RNA was selected by oligo(dT)-cellulose chromatography. Poly(A)+ RNA was then electrophoresed in a 1.0% agarose gel in the presence of formaldehyde, transferred to nitrocellulose, and hybridized with the cDNA insert 32P-labeled by oligolabeling (19) . Hybridization was at 42°C for 14 hr in 50% formamide/10% (wt/vol) dextran sulfate/0.3 M NaCl/30 mM sodium citrate/0.1% NaDod-S04/1 mM EDTA containing 100 ,ug of denatured salmon sperm DNA per ml. Conditions for Southern blotting were as described (16) .
Sequencing. cDNA inserts were subcloned in bacteriophage vector M13mpl9, and single-stranded phage DNA was isolated as described (16) . Sequencing was carried out in both orientations of the template by the dideoxy chain-termination method of Sanger et al. (20) , using synthetic oligonucleotide primers.
RESULTS
Cloning and Characterization of CSF-1 cDNA. A mouse L-cell library in the expression vector Xgtll was constructed, and 150,000 independent recombinant plaques were screened with a mixture of two antibodies raised in rabbits by using either native or NaDodSO4/2-mercaptoethanol-denatured L-cell CSF-1 as immunogen. The mixture of antibodies was used because they exhibited specificity for different epitopes of CSF-1 (12) . Six independent putative clones were isolated after three rounds of plaque purification. A secondary screen of these clones was carried out using a mixture of 20-baselong oligonucleotides corresponding to all possible codons for the amino-terminal sequence of mature CSF-1 ( Fig. 1) . One of the clones, containing a cDNA insert about 400 base pairs (bp) long, hybridized strongly to the oligonucleotide mixture (labeled with 32P by treatment with kinase), whereas the remaining clones failed to hybridize.
The cDNA insert from the positive clone was subcloned into the EcoRI site of phage M13mpl9 and sequenced in both Upstream from the amino-terminal lysine residue is a 31 amino acid sequence (numbered -31 to -1 in Fig. 2 ) that begins with methionine and may function as a signal peptide in the primary translation product to direct synthesis on membrane-bound polysomes. The sequence is rich in hydrophobic amino acids and has other characteristics of known signal peptides (21) . This is preceded by a stretch of 99 nucleotides, which presumably corresponds to the 5' untranslated region of CSF-1 mRNA.
The cloning of human urinary CSF was reported recently (22) . The mouse and human sequences show 78% homology of amino acids and 80% homology of nucleotides (Fig. 2) GenBankV and the National Protein Information Resource data bases 11, using the programs SRCHN** and SEARCHtt. The mouse L-cell CSF-1 cDNA sequence did not show significant homology to any other protein in these data bases. In addition, the mouse CSF-1 sequence did not show significant homology to GM-CSF (8), multi-CSF (10), G-GSF (11), erythropoietin (23), or interleukin 1 (24) .
Tissue-Specific Expression of Multiple CSF-1 Transcripts. The entire mouse CSF-1 cDNA insert was isolated and used as a probe to examine the expression of CSF-1 gene transcripts in cell lines and mouse tissues. Blot-hybridization analysis of mouse L-cell poly(A)+ RNA revealed a major hybridizing species of about 4.5 kilobases (kb) as well as several less abundant species of about 3.8, 2.3, and 1.4 kb (Fig. 3A) . The pattern of transcripts in the human pancreatic carcinoma cell line MIA-PaCa-2 which produces CSF-1, examined under conditions of reduced hybridization stringency, was similar to that of mouse L cells (Fig. 3A) .
Numerous tissues are capable of elaborating CSF-1 (25, 26) ; therefore, we examined poly(A)+ RNA from several mouse tissues (Fig. 3B ). Lung and heart contained a pattern of transcripts similar to that observed in L cells, although at considerably reduced levels. Liver, on the other hand, exhibited high levels of the 1.4-kb species but lacked the larger species. The predominant RNA species in brain and kidney was 1.4 kb long, although these tissues also expressed the larger species. Spleen had very low levels of CSF-1 transcripts, and intestine lacked detectable transcripts (Fig.  3B) . Thus, the pattern of CSF-1 transcripts present in various tissues is complex and highly tissue-specific. The fact that the CSF-1 probe hybridizes to the 1.4-kb mRNA species observed in liver and certain other tissues under conditions of high stringency suggests that the transcript corresponds to CSF-1. Moreover, the transcript is similar in size to the putative bioactive mRNA present in human MIA-PaCa-2 cells (22) . To further test whether the transcript represents a distinct but homologous mRNA species, we performed primer-extension studies (27) . A 15-baselong oligonucleotide (CAG GTG TCC ATT CCC) complementary to nucleotides 127-141 of the CSF-1 coding region was synthesized, labeled with 32P by kinase, and used to prime synthesis of cDNA from liver, intestine, and L-cell mRNA. A unique extension product of about 200 nucleotides was observed using mRNA from liver and L cells, which contain CSF-1 transcripts as judged by RNA blot hybridization, whereas no extension product was observed using mRNA from intestine, which lacks hybridizing CSF-1 transcripts (data not shown). Thus, the 1.4-kb transcript present in liver appears to correspond to CSF-1.
The presence of high levels of a CSF-1 transcript in liver raises the possibility that liver is a major source of the protein. This was tested by assaying mouse liver conditioned medium for CSF-1 activity in a mouse bone marrow system (28) . No activity was observed, consistent with the earlier observations of Bradley et al. (26) . Thus, it appears either that the hepatic 1.4-kb transcript does not encode bioactive CSF-1 or that the protein is not properly processed in liver.
Analysis of CSF-1 Genomic Sequences. Mouse genomic DNA isolated from spleen cells and L-cell DNA were examined by Southern blotting and hybridization with the CSF-1 cDNA probe. Digestion of DNA with EcoRI, Hae III, and HindIII yielded a similar pattern for mouse genomic and L-cell DNA. EcoRI gave two bands at 10.0 and 12.0 kb, Hae III gave a single band at about 1.0 kb, and HindIII gave a single band at about 10.0 kb (Fig. 4) The functional and regulatory significance of the multiple CSF-1 transcripts is unclear. Unlike most other hematopoietic growth factors, CSF-1 activity is produced by a wide variety oftissues, including brain, heart, and lung (25, 26, 29) . Although GM-CSF is also produced by a variety of tissues (30) , it appears to be derived exclusively from lymphocytes. Thus, some of the transcripts observed in this study presumably give rise to the active factor. All (31) .
The availability of the mouse CSF-1 cDNA should facilitate studies of the regulation of the factor and its role in normal or abnormal cell proliferation. Of particular importance is the isolation and expression of sequences corresponding to the CSF-1 transcripts, in order to examine their protein products and functions.
